In trypanosomatid protozoa the biogenesis of mature mRNA involves addition of the spliced leader (SL) sequence from the SL RNA to polycistronic pre-mRNA via trans-splicing. Here we present a mutational analysis of the trypanosomatid Leptomonas collosoma SL RNA to further our understanding of its functional domains important for trans-splicing utilization. Mutant SL RNAs were analyzed for defects in modification of the hypermethylated cap structure (cap 4) characteristic of trypanosomatid SL RNAs, for defects in the first step of the reaction and overall utilization in trans-splicing. Single substitution of the cap 4 nucleotides led to undermethylation of the cap 4 structure, and these mutants were all impaired in their utilization in trans-splicing. Abrogation of the sequence of the Sm-like site and sequences downstream to it also showed cap modification and trans-splicing defects, thus providing further support for a functional linkage between cap modifications and trans-splicing. Further, we report that in L. collosoma both the exon and intron of the SL RNA contribute information for efficient function of the SL RNA in trans-splicing. This study, however, did not provide support for the putative SL RNA-U6 small nuclear RNA (snRNA) interaction at the Sm site like in the nematodes, suggesting differences in the bridging role of U6 in the two trans-splicing systems.
In trypanosomatid protozoa all mRNAs carry at their 5Ј-end a common spliced leader sequence (SL) 1 that is acquired by trans-splicing, a bimolecular splicing reaction involving a small capped RNA, the SL RNA, and the pre-mRNA (1) . Transsplicing occurs in a variety of eukaryotic organisms including trypanosomes (1), Euglena (2), nematodes (3), trematodes (4) , and more recently in chordates (5) . The SL RNA of all organisms has two domains, namely the SL sequence or exon, which in trypanosomatid protozoa is 39 -41 nt long, followed by the intron of variable length, and can be folded into a conserved secondary structure with three stem-loops (see Fig. 1 ). The first stem-loop encompasses part of the SL sequence just upstream from the 5Ј-splice site, whereas the intron has the potential to be folded into two stem-loops separated by a single-stranded region. This latter region, also known as the Sm-like site, contains the binding site for the core proteins of the SL ribonucleoprotein particle (SL RNP) and is analogous to the Sm site of snRNAs in higher eukaryotes and yeast. Despite the evolutionary conservation of the SL RNA secondary structure, the SL RNA sequence is not conserved among the different groups of organisms listed above. However, within trypanosomatid protozoa, as well within nematodes and trematodes, the exon sequence shows a considerable degree of conservation at the primary sequence level (6) . One distinguishing feature of SL RNAs of trypanosomatid protozoa is the presence of a hypermethylated cap with the structure 7-methylguanosineppp-N 6 ,N 6 ,2Ј-O-trimethyladenosine-p-2Ј-O-methyladenosinep-2Ј-O-methylcytosine-p-N 3 ,2Ј-O-dimethyluridine (7) . By convention this cap structure is referred to as a cap 4, because four nucleotides after the m 7 G moiety are modified. Recently, Mair et al. (8) have shown that in Trypanosoma brucei permeable cells cap 4 formation occurs cotranscriptionally. These studies demonstrated that m 7 G capping was present on transcripts as short as 56 nt, and that subsequent modifications of the cap 4 nucleotides were added successively in a 5Ј to 3Ј direction. Short transcripts terminated before the Sm-like site were already modified at the A residues at positions 1 and 2 and partially modified at the C residue at position 3, but modification of the U residue at position 4 was only gained when transcripts reached position 117 or beyond; namely when the synthesis of the Sm-like site had been completed. Only transcripts containing the Sm-like site were associated with the core proteins of the SL RNP (8) .
In vitro studies in extracts of the nematode Ascaris suum were conclusive in identifying one functional role of the SL sequence, namely a transcriptional role. The exon sequence contains transcription signals and a binding site for a putative transcription factor (9) . In contrast, deletion of all but two nucleotides of the SL exon did not affect trans-splicing in vitro (10) . The most crucial sequence for the Ascaris SL RNA function is the Sm site and 3 nt downstream from it. This region base pairs with the U6 snRNA that functions as a bridging molecule to bring the SL RNA to the spliceosome (11) .
In contrast, in trypanosomatid protozoa SL RNA genes do not contain internal promoter elements, and thus the conservation of the exon sequence and of the SL RNA secondary structure is likely to be maintained by constraints imposed on the SL RNP biogenesis and function (12) . Sequence and structure conservation may reflect the requirements for binding of core or SL RNA-specific proteins or of the capping machinery that acts during transcription of the SL RNA, and/or for interactions with snRNAs during trans-splicing. In addition, at the mRNA level the SL exon might have post-splicing functions such as nuclear export and/or recognition by the translational apparatus (12) .
Several studies in the past years have addressed the function of various domains of trypanosomatid SL RNA with regard to transcription, trans-splicing activity, RNP biogenesis, 3Ј-end processing, and cap 4 synthesis and function. Relevant to the present studies is the fact that using different trypanosomatid model systems no unifying view has emerged with regard to the role in trans-splicing of exon and intron sequences and of cap 4 modifications (Refs. 13-17 and "Discussion" for details).
In our laboratory we use the Leptomonas collosoma system to examine structural-functional aspects of the SL RNA. For these studies we have constructed a model SL RNA, tagged both in the intron (an insertion of 8 nt in loop II) and in the exon (a G to A substitution at position 31), which is highly expressed and accurately trans-spliced (14) . Using this system we have previously analyzed the functional significance of potential base pairing between the SL RNA and the U5 or U6 snRNAs (17) . All SL RNA mutations in the proposed interaction domain exhibited an altered splicing phenotype, and these results highlighted the importance for trans-splicing of both exon and intron sequences adjacent to the 5Ј-splice site (17) . Compensatory mutations were then introduced in the U5 and U6 snRNAs, to examine whether the splicing defects originated from the failure of the SL RNA to interact with these snRNAs by base-pairing. Suppression was observed only for intron positions ϩ5 and ϩ(7-8) supporting the existence of a base pair interaction of U5 and U6 snRNAs with the SL RNA intron region (17) .
In this study we aimed at furthering our understanding of the function of the L. collosoma SL RNA. L. collosoma affords high levels of expression of transgenic SL RNA genes, thus facilitating direct and quantitative analysis of SL RNA function. Importantly, we have previously established a direct assay to evaluate defects affecting SL RNA function during the first step of splicing that is independent from examining the overall utilization of the SL RNA in trans-splicing. Here we have concentrated our mutational analysis on selected exon and intron sequences, on SL RNA domains whose function is controversial, and in particular, on the sequence requirements for cap 4 modification. Our results demonstrate that both exon and intron sequences provide determinants for efficient utilization of the SL RNA in trans-splicing and that there is a tight linkage between the presence of a fully modified cap 4 structure and trans-splicing utilization of the SL RNA.
EXPERIMENTAL PROCEDURES
Oligonucleotides-9825, 5Ј-GCCCGAAAGCTCGGTC-3Ј, complementary to positions 80 -95 of the SL RNA gene for primer extension of the SL RNA; 34378, 5Ј-CCCCGTATCATCGATAGACCCCCGC-3Ј, complementary to Ϫ63 to Ϫ38 upstream to SL RNA ϩ1 used to clone the PCR product carrying SL RNA mutations; 41328, 5Ј-CGGGATCCGGAC-CCCCCAAAGGCCCCCCA-3Ј complementary to positions 27-47 located downstream to the SL RNA T run, with the BamHI site underlined, was used to amplify the SL RNA mutants; 43662, 5Ј-AGAACTA-GAGAATTCCGTTCTGGA-3Ј, complementary to positions 55-70 with the insertion of 8 bases between positions 62 and 63 (SL intron tag); 36815, 5Ј-GAGGGAGGAATGAGGTGAGC-3Ј, complementary to neo/ hygro mRNA position 4996 -5016 on the pX vector); 31227, 5Ј-CT-TCAAAAATTGAGAAGTTAAGAGTCTC-3Ј, to generate E-1 mutation, complementary to positions Ϫ9 to ϩ20 carrying 4 base substitutions TTTT to AGA at positions 4 -7; 31226, 5Ј-CTGTTCTTCAAAATA-ACTTTTAGTTAAGAGTC-3Ј, to generate E-2 mutation, complementary to positions (Ϫ7 to Ϫ25) carrying 4 base substitutions GTTA to TAAC positions 5-8; 31228, 5Ј-GAAACTGTTCTTCTTGTATTGTTT-TAGTTAAG-3Ј, to generate E-3 mutation, complementary to positions (Ϫ3 to Ϫ29) carrying 4 base substitutions AAAA to TTGT at positions 13-16; 31224, 5Ј-AATGAAGTATAGTTTGTGTTCTTCAAAAATTG-3Ј, to generate E-4 mutation, complementary to positions 9 -40 carrying 4 base substitutions AAAC to TTTG and at positions 25-28; 31230, 5Ј-TACCAATGAAGTGTTTAAACTGTTCTTCAA-3Ј, to generate E-5 mutation, complementary to positions 18 -44 carrying 4 base substitutions ACAG to GTTT at positions 29 -32; 31225, 5Ј-CTACATACCAATGTTA-AATAGAAACTGTTCTTC-3Ј, to generate E-6 mutation, complementary to positions 17-49, carrying 4 base substitutions AAGT to TTAA at positions 33-36; 31107, 5Ј-ATTGTTTTAGTCAAGAGTCTCTAAC-3Ј to generate SL-1 mutation complementary to positions (Ϫ13 to Ϫ12 with a T to C transition at position ϩ1; 31106, 5Ј-AATTGTTTTAGCTAA-GAGTCTCTAAC-3Ј, to generate SL-2 mutation, complementary to positions Ϫ13 to ϩ13 with a T to C transition at position ϩ2; 39561, 5Ј-AAATTGTTTTACTTAAGAGTCTCT-3Ј, to generate SL-3 mutation, complementary to positions (Ϫ10 to ϩ14) with a G to C transition at ϩ3; 31109, 5-CAAAAATTGTTTTGGTTAAGAGTCTC-3Ј to generate SL-4 mutation complementary to positions Ϫ9 to ϩ12 with an A to G transition at ϩ4; 39558, 5Ј-AAAATTGTTTTTTCCAAGAGTCTCTAACC-3Ј, to generate the cap 4 mutation complementary to positions Ϫ14 to ϩ15 Growth and RNA Preparation-L. collosoma cells were grown as described previously (18) . Cells were harvested at log phase, and total RNA was prepared with TRIzol reagent (Sigma) according to the supplier's protocol.
Plasmid Construction and Transformation-Mutations E-1 to E-6 were generated by site-directed mutagenesis as previously described (17) . The mutant SL RNA gene was further subcloned into the SmaI site of pX-neo expression vector. Cell lines were selected on 25 g/ml G418. The cap 4 and intron mutations were generated by polymerase chain reaction mutagenesis using primers carrying the mutations (antisense) and a 5Ј primer 34378. The PCR product carrying the mutation (mega primer) was used to amplify the remaining gene using the antisense 3Ј primer 41328 and the double SL RNA mutant as a template. The PCR product carrying the mutated SL RNA gene was digested with ClaI (5Ј-end) and BamHI (3Ј-end) and cloned into a pX vector carrying the wild-type SL RNA gene that was digested with ClaI (present in the SL RNA gene upstream region) and BamHI (from the vector). All mutations were confirmed by DNA sequencing.
Northern and Primer Extension Analysis-RNA samples (5 g) were fractionated on a 10% polyacrylamide, 7 M urea denaturing gel and electroblotted onto a nylon membrane (Hybond, Amersham Biosciences). Hybridization with labeled oligonucleotides was performed at 37°C in 5ϫ SSC, 0.1% SDS, 5ϫ Denhardt's solution, and 100 g/ml salmon sperm DNA. Primer extension was performed using end-labeled oligonucleotides (100,000 cpm/pmol). After annealing at 60°C for 15 min, the sample was kept on ice for 1 min. 1 unit of reverse transcriptase (Expand, RT, Roche Molecular Biochemicals) and 1 unit of RNase inhibitor (Promega) were added, and extension was performed at 42°C for 90 min. The reaction was analyzed on 6% polyacrylamide denaturing gel next to DNA sequencing reactions performed with the same primer.
Poisoning Primer Extension-The poisoning primer extension used for examining the utilization of mutated SL RNA in trans-splicing was performed as described above, but ddCTP was used instead of dCTP.
The reaction was analyzed on 6% polyacrylamide denaturing gel.
RESULTS
Experimental Strategy-To examine the role of the L. collosoma SL RNA sequences in trans-splicing, we generated a variety of mutant SL RNA genes by introducing block or single nucleotide substitutions or by inserting a limited number of nucleotides in selected regions. All mutations were generated in the context of our model SL RNA gene (G31A) tagged both in the intron (an insertion of 8 nt in loop II) and in the exon (a G to A substitution at position 31) and are shown in Fig. 1 superimposed on the secondary structure model of trypanosomatid SL RNA. The mutated SL RNA genes and flanking regions were subcloned in the episomal pX-neo expression vector, and the corresponding plasmids were used to establish stable cell lines selected with a high concentration of G418 in order to maximize expression of the transgenes. RNA was isolated from the various cell lines and subjected to the following analyses. 1) Northern blot hybridization to determine the level of expression of wild-type and mutant SL RNA. 2) Primer extension with a radiolabeled oligonucleotide complementary to the 3Ј-end of the SL RNA to monitor the extent of accumulation of Y structures. Y structures are formed during the first step of the trans-splicing reaction by joining of the 5Ј-end of the SL RNA intron to the branch site of pre-mRNA through a 2Ј-5Ј linkage. The 2Ј-5Ј linkage stops the advancement of the reverse transcriptase, thus generating a discrete cDNA product corresponding to the SL RNA intron. This assay monitors defects in the first step of splicing. Primer extension with the same oligonucleotide primer also generates cDNAs corresponding to the full-length SL RNA, and thus allows probing the extent of modification of the SL RNA cap structure. 3) Poisoning primer extension to determine the extent of mature DHFR-neo mRNA carrying the wild-type or mutated SL. As diagrammed in Fig.  4A , the primer can only hybridize to mature DHFR-neo mRNA, but not to the corresponding pre-mRNA. As previously described (13, 14) in the presence of ddCTP two primer extension products are produced, a 30-nt-long cDNA corresponding to termination at G31 and diagnostic of wild-type SL exon, and a 36-nt-long cDNA corresponding to termination at G25 of the SL exon and diagnostic of DHFR-neo mRNA derived from transsplicing of mutant SL RNA. Thus, this assay monitors the overall utilization of the mutant SL RNAs in trans-splicing.
Single Nucleotide Substitutions of the cap 4 Nucleotides Affect Expression, Modification, and trans-Splicing Utilization of the SL RNA-Previous studies in both L. seymouri and L.
tarentolae indicated that mutations encompassing positions 1-4 of the SL RNA, corresponding to the methylated nucleotides of the cap 4 structure, affect modification and transsplicing utilization of the SL RNA, but the function of the individual nucleotide was not investigated (13, 15) . To address this question positions 1-4 of the SL RNA were either substituted in block or individual nucleotides were changed one at the time (Fig. 1) . When all 4 nt were changed (mutant SL-1-4) we could not detect any tagged SL RNA either by Northern blot hybridization ( Fig. 2A) or by primer extension (Fig. 2B ). As compared with our model SL RNA gene (G31A), which produces as much SL RNA as the endogenous SL RNA genes, all the single nucleotide substitutions (SL-1, SL-2, SL-3, and SL-4) resulted in considerably lower levels of accumulation of the corresponding SL RNAs (Fig. 2 , A and B and see Fig. 4C for a quantitation of the relative expression levels). To examine the methylation status of SL RNAs bearing mutations in the cap 4 nucleotides, we performed primer extension using an oligonucleotide complementary to the 3Ј-end of the SL RNA (Fig. 2B) . The primer extension assay detects the methylation status of the cap 4 structure by a series of diagnostic primer extension stops at the 5Ј-end of the SL RNA that are indicated in Fig. 2B . Under the conditions used for reverse transcription, which employed a high dNTP concentration (0.5 mM), the model G31A SL RNA showed a prominent primer extension stop at position 3 and less pronounced stops at positions 5 and 6 (the identity of the primer extension stops was verified by comparison with a sequencing ladder, data not shown). This pattern was indistinguishable from that of wild-type SL RNA and in L. collosoma is diagnostic of a fully modified cap 4 structure. In contrast, all four cap mutant SL RNAs showed a prominent primer extension stop at position 1, indicating that the corresponding cap 4 structure was undermethylated. Only the SL-1 mutant gave rise to some stops at position 5 and 6 although their intensity was much decreased as compared with the G31A SL RNA. From these results we concluded that substitution of each of the nucleotides at positions 1-4 led to severe alterations of the pattern of modification of the SL cap 4 structure. Similar results were obtained when the dNTP concentration in the reverse transcription reaction was lowered to 0.05 mM except that the intensity of the stop at position 5 was increased as described for other trypanosomatid SL RNAs (data not shown).
Next, we determined the effect of mutating positions 1-4 of the SL RNA on utilization of the SL RNA in the first step of splicing (Fig. 3, A and B) and in overall trans-splicing (Fig. 4 , B and C). By primer extension with the radiolabeled SL 3Ј-endspecific oligonucleotide four primer extension products are observed (Fig. 3A) . The longest cDNAs represent full-length SL RNA. As shown in Fig. 3A , the shorter cDNAs are derived from Y structure intermediates of wild-type and tagged SL RNAs. By this assay Y structures derived from the tagged SL RNA could only be detected for mutant SL-4 (Fig. 3A) . It should be noted that the control cell line used in this experiment expressed the tagged G31A SL RNA at a level lower than that of wild-type SL RNA, as documented in the quantitation analysis (Fig. 3B) . To normalize the utilization of the above mutant SL RNAs in trans-splicing, we first determined for each cell line the ratio between the expression of mutant and wild-type SL RNA using the data from the Northern analysis of Fig. 2A (the expression level of G31A was derived from data not shown). Next, we calculated the ratio between the Y structure intermediates derived from mutant and wild-type SL RNA (Fig. 3A) and corrected this value by the expression coefficient of each of the SL RNA mutants. The corresponding values are indicated as adjusted values in Fig. 3, B, c .
In contrast, using the poisoning primer extension assay (Fig.   4 ) in the four mutant cell lines SL-1, SL-2, SL-3, and SL-4 we detected low levels of DHFR-neo cDNA terminating at G25, which is diagnostic of utilization the tagged SL exon in transsplicing (Fig. 4B ). This assay has greater sensitivity than the direct visualization of Y structures because Y structures are transient intermediates in trans-splicing whereas trans-spliced mRNA is a trans-splicing product that accumulates in cells. Quantitation of the data ( amined the exon mutations using the same procedures described above. All exon mutations (E-1 to E-6) substituted four nucleotides at the time except for mutant E-1, which during mutagenesis lost one residue between positions 5 and 8, thus reducing the size of the corresponding SL RNA by one nucleotide. Mutants E-1, E-2, and E-3 encompassed positions 5-16, immediately adjacent to the cap 4 nucleotides and representing part of the single-stranded region at the 5Ј-end of the SL RNA. Work by Bindereif and co-workers (13) suggested that these sequences might contain determinants for cap 4 modification/ trans-splicing. Mutations E-4 and E-5 were introduced to assess the functional significance of the 5Ј-portion of stem I, which is of interest because it encompasses the 5Ј-splice site. Lastly, mutant E-6 changed nt 33-36, which are part of putative base pair interactions with the Spliced Leader Associated RNA1 or SLA1 (19) . All mutant genes were efficiently expressed at levels either comparable to or higher than the wildtype SL RNA (Fig. 5) . In two cases, namely mutants E-1 and E-2, the expression level of the mutant SL RNA was higher than that of wild-type SL RNA, and this was concomitant with repression of wild-type SL RNA expression. Such a phenomenon was previously observed (17) . Next, we examined the accumulation of Y structures in the RNA derived from the various cell lines (Fig. 6A) . All mutant SL RNAs were active in the first step of splicing, albeit at different levels. Fig. 6B shows the quantitation of the results of Fig. 6A taking into account the levels of expression of mutant and wild-type SL RNAs in each cell line. Three phenotypes were observed concerning the levels of Y structures derived from the mutant or the wild-type SL RNA, namely comparable to wild-type (E-3, E-4), higher than wild-type (E-5), and lower than wild-type (E-1, E-2, and E-6). From this analysis we concluded that mutations E-1, E-2, and E-6 decreased the efficiency of the first step of splicing, whereas mutations E-3 and E-4 did not affect the first step of splicing at a detectable level. The observation that the mutant E-5 SL RNA had higher than wild-type levels of Y structures could result either from a more efficient utilization of the mutant SL RNA in splicing or from a defect in the second step of trans-splicing leading to accumulation of the Y structure intermediate.
According to the results shown in Fig. 6A , all exon mutations were properly modified, because all showed a staggered primer extension pattern indistinguishable from that of wild-type SL RNA. The pattern of cap 4 modifications present in the E-1 mutant SL RNA is better displayed in Fig. 2B . Taking into account the fact that the SL exon of mutant E-1 is one nucleotide shorter than wild-type, the pattern of reverse transcription stops is consistent with proper modification of the cap 4.
Next, we examined the overall utilization in trans-splicing of the E-1 to E-6 mutant SL RNAs (Fig. 7, A and B) . In the case of mutation E-4 the cDNA terminated at G20 since the block substitution changed G25 to C. Quantitation of the cDNA bands (Fig. 7B) indicated that mutations E-3, E-4, and E-5 did not reduce the utilization of the corresponding SL RNAs in terms of overall trans-splicing efficiency. The most severe mutation that affected overall trans-splicing efficiency was E-1, namely the nucleotides immediately adjacent to the cap 4 nucleotides. Mutation E-2 and E-6 also appeared to negatively affect utilization of the SL RNA in trans-splicing, albeit to a lesser extent than mutation E-1.
Determinants for trans-Splicing and cap 4 Modifications in the Intron
Structure and at the Sm-like Site-Lastly, we analyzed the role of the Sm-like site (mutant U76 -78C), of stem II (mutant stem II m), of stem III (mutant stem III m), and the sequences surrounding the Sm-like site (insertion mutants Sme-5Ј and Sme-3Ј, and the single nucleotide substitutions G79C, G80C, and A81U). These latter mutations were constructed to test a potential SL RNA-U6 snRNA interaction that we previously noticed (20). We reasoned that likewise the Ascaris SL RNA, L. collosoma SL RNA sequences at the Sm-like site and in its vicinity might provide an interaction domain with the U6 snRNA. In particular, the sequence GGA located 3 nt downstream from the Sm-like site at positions 79 -81 can potentially interact with the sequence CUU at the 3Ј-end of U6 The primer extension products were separated on a denaturing 6% polyacrylamide gel. The diagnostic cDNAs derived from the presence of mutant or wild-type SL exon are indicated. C, quantitative analysis to determine the utilization in splicing of mutant SL RNA. a, the ratio between the levels of mutant and wild-type SL RNA-based Northern analysis presented in Fig. 2A ; b, the ratio of the mutant and wild-type stops from the data presented in Fig. 4B ; c, adjusted values were obtained by dividing the ratio in b by the ratio in a. The adjusted values are indicated.
FIG. 5. Expression of SL RNA genes carrying exon mutations.
A, total RNA was separated on a denaturing 10% polyacrylamide gel, electroblotted onto a nylon membrane, and hybridized with a labeled SL RNA oligonucleotide (9825). The identity of the mutant cell lines is indicated above each lane. B, same blot as in A was hybridized with an oligonucleotide (25327) complementary to U2 snRNA.
snRNA (20). Thus, mutations G79C, G80C, and A81U should disrupt this interaction. Furthermore, insertion mutant Sme 3Ј was designed to interrupt the region of potential complementarity between the SL RNA and U6 snRNA. Mutation Sme 5Ј was constructed as a control for lengthening the singlestranded region inbetween stem-loops II and III.
Quantitation by Northern blot hybridization of the levels of expression of the various mutant SL RNAs indicated that all intron mutations, except for the single base-substitution G79C and G80C, affected the accumulation of the corresponding SL RNAs (Fig. 8A ). Unfortunately, the low level of expression of these mutant SL RNAs precluded a direct analysis of Y structure accumulation. However, using the poisoning primer extension assay trans-spliced DHFR-neo cDNA containing the exon tag could be detected for all mutant SL RNAs. These results indicated that all mutants were severely defective in splicing except for the single base substitution G79C and G80C (Fig. 9,  A and B) . Lastly, Fig. 8B shows the analysis of the modification status of the various mutant SL RNAs. Only mutants U76 -78C and Sme 3Ј showed a considerable reduction of primer extension stops at positions 5 and 6, indicating partial modification of the cap 4 nucleotides.
DISCUSSION
The L. collosoma system used in this study, as well as in previous studies, has three main features that make it an excellent system to investigate structural-functional aspects of the SL RNA. First, our model SL RNA is highly expressed. Second, all mutations were isogenic, namely they were all derived by mutagenizing the model SL RNA gene. Third, the utilization in trans-splicing, both in the first step of splicing and in overall trans-splicing, of each of the mutants can be determined quantitatively by comparison to the wild-type SL RNA substrate, which is still present in the cell, and by correcting the experimental values taking into account the differential expression of the various mutants. Our results showed that there is a tight correlation between cap 4 modification and utilization of the SL RNA in trans-splicing, and that both exon and intron sequences contribute determinants for efficient utilization of the SL RNA in trans-splicing. A summary of the results of our present (this study) and past mutational analysis of the L. collosoma SL RNA (17) is presented in Table I . In the following sections we discuss and contrast our results with those obtained in the L. seymouri and L. tarentolae systems (13, 15, 16) . Fig. 3 . The DNA sequencing ladder was generated with the same oligonucleotide primer using as a template a plasmid containing the SL RNA gene carrying the tag. B, quantitative analysis to determine the utilization in trans-splicing. a, the ratio between the levels of mutant and wild-type SL RNA based on the data in Fig. 5A ; b, the ratio of the mutant and wild-type stops from the data presented in Fig. 6A ; c, adjusted values were obtained by dividing the ratio in b by the ratio in a. The adjusted values are indicated.
Cap 4 Modifications and trans-Splicing Utilization of the SL

FIG. 7.
Effects of exon mutations on overall trans-splicing utilization of the SL RNA. A, poisoning primer extension as described in the legend to Fig. 4A . B, quantitative analysis to determine the utilization in trans-splicing. The ratio between the levels of mutant and wild-type SL RNA is based on the data in Fig. 5A ; b, the ratio of the mutant and wild-type stops from the data presented in Fig. 7A ; c, adjusted values were obtained by dividing the ratio in b by the ratio in a. The adjusted values are indicated.
that the mutant SL RNAs were all impaired in their utilization in trans-splicing (Figs. 3 and 4 and Table I ). Abrogation of the sequence of the Sm-like site and insertion of five nucleotides at the 3Ј-boundary of the Sm-like site also reduced the extent of modification of the cap 4 structure and trans-splicing utilization of the SL RNA (Figs. 8 and 9 and Table I ). Thus, our results agree with our early studies in permeable T. brucei cells, where using the methylation inhibitor S-adenosyl-L-homocysteine we showed that the absence or reduction of cap 4 modifications inhibited utilization of newly synthesized SL RNA in transsplicing (21) . At the time the possibility that inhibition of methylation had a global effect on trans-splicing was excluded because trans-splicing activity of SL RNA pre-existing in the cells to the permeabilization procedure was not affected (21) . Furthermore, inhibition of cap 4 modification did not interfere with the stability, core RNP structure and SL RNA secondary structure (21) . Further evidence that modification of the cap 4 nucleotides affects trans-splicing utilization of the SL RNA was provided by the work of Bindereif and co-workers (13) who undertook mutational analysis of the L. seymouri SL RNA and established the use of poisoning primer extension assay to monitor trans-splicing activity of the mutant SL RNAs. These studies demonstrated that substitution of nucleotides 2-6 of the SL RNA resulted in no detectable modification of the cap 4 nucleotides, and this phenotype was accompanied by no detectable trans-splicing activity of the mutated SL RNA. In addition, these studies provided evidence that with regard to cap 4 modification, there were distinct SL subregions of functional importance. In particular, several mutations in the stem I reduced cap 4 modification to less than 10%. Severe SL modification defects always correlated with very low or undetectable trans-splicing activity. Our studies are in agreement and expand on the above results by demonstrating that single substitutions of the cap 4 nucleotides are clearly detrimental to trans-splicing utilization of the SL RNA. The most serious defects in trans-splicing utilization occurred when positions 1-3 were individually changed, whereas position 4 was more tolerant to mutation, i.e. we could still detect Y structure intermediates in mutant SL-4 (Fig. 3) . Interestingly, this is the last nucleotide of the cap 4, and it is the last modification that is acquired by the SL RNA while being transcribed in the nucleus. As pointed out in the introduction a full level of uridine modification was only acquired when the growing SL RNA chain encompasses the Sm-like site, suggesting a possible correlation between binding of the common proteins and modification of the U residue at position 4. In agreement with this possibility is the finding that mutants U76 -78C and Sme 3Ј, which abrogated the Sm-like site and inserted five nucleotides on the 3Ј-side of the single-stranded region, respectively, gave rise to undermethylated SL RNA in which the primer extension stops at positions 5 and 6 were nearly abolished (Figs. 8 and 9 and Table I ). Also, the results obtained in the L. tarentolae system support the notion that the Sm-like site and surrounding sequences provide determinants for proper modification of position 4, which in these studies was identified as a strong primer extension stop at position 5 (16) . In higher eukaryotes it is well established that binding of the Sm antigens to the Sm site is essential for hypermethylation of the m 7 G cap of snRNAs to 2,2,7-trimethylguanosine (22). Thus, it is possible that a similar mechanism exists for insuring modification of the U residue of the cap 4 in trypanosomatid SL RNAs.
In contrast, other results in the L. tarentolae system challenged the notion that cap 4 modifications are required for trans-splicing utilization of the SL RNA. This was based on the observation that two linker scanning mutant substituting positions 10 -19 and 20 -29 of the exon showed about 5% of "properly" modified cap 4 but had wild-type activity when trans-splicing activity was determined by an RT-PCR assay (15) . These studies also showed that a linker-scanning muta- 9 . Utilization of SL RNAs carrying intron mutations in overall trans-splicing. A, total RNA from each of the cell lines as indicated above the lanes was primer extended to reveal the proportion of mutant and wild-type SL exon that is present in the neo/mRNA. The poisoning primer extension assay was performed as described in Fig. 4A and B. B, quantitative analysis to determine the utilization in transsplicing. The ratio between the level of mutant and wild-type SL RNA is based on the data presented in Fig. 8A . The level of the tagged SL RNA was calculated relative to the level of the RNA in the G31A cell line containing equal amounts of wild-type and tagged SL RNA, and by calculating the ratio between the primer extension products obtained with oligonucleotide complementary to the 3Ј-end of wild-type RNA (9825) and the anti-tag oligonucleotide (43662); b, the ratio of the mutant and wild-type stops from the data presented in Fig. 9A ; c, adjusted values were obtained by dividing the ratio in b by the ratio in a. The adjusted values are indicated.
tion substituting nt 1-9 of the exon gave rise to SL RNA that was properly modified as determined by the primer extension assay (15) . This was highly surprising in light of the fact that the linker substitution changed the first four nucleotides from AACU to CTCG, and thus it was not clear how the SL-specific methyltransferases could generate a cap 4 on such a sequence. Despite this inconsistency, it should be pointed out that the PCR assay is an indirect measure of trans-splicing activity and more importantly that the assay can only measure overall trans-splicing activity, namely the accumulation of mature mRNA and does not give information about the first step of trans-splicing, as the present study provides. As pointed out in the results section, our measurement of overall trans-splicing activity by poisoning primer extension is much more sensitive than examination of Y structure accumulation. The reason is that if the mutation introduced in the SL RNA debilitates, but does not abolish its utilization in trans-splicing, given sufficient time trans-spliced mRNA will eventually accumulate in the cell. Furthermore, mutations that change the exon sequence might also affect the stability/export of the corresponding mRNA bearing the mutated exon. Thus, the ratio of wild-type versus mutant exon found on mRNA in steady-state conditions cannot be used as a sole measure of trans-splicing utilization of mutant SL RNAs. In conclusion, the cumulative evidence suggests that a functional linkage exists between the methylation status of the cap 4 structure and trans-splicing utilization of the SL RNA. However, proper methylation does not guarantee utilization of the SL RNA in trans-splicing as there are mutants that are accurately modified but are not utilized in transsplicing (Refs. 13 and 17 and Table I) .
Exon Sequences and trans-Splicing Utilization of the SL RNA-Our results showed that exon sequences that influence trans-splicing utilization of the SL RNA are located in the 8 nt immediately adjacent to the cap 4 nucleotides (mutants E-1 and E-2) and that there is also contribution from nucleotides 33-36 located in loop I (mutant E-6). In contrast, substitution of the 5Ј-portion of stem I did not generate a detectable transsplicing phenotype (mutants E-4 and E-5, Figs. 6 and 7, and Table I ).
That the region encompassed by mutants E-1 and E-2 has a role in trans-splicing is also supported by the mutational analysis of Bindereif and co-workers (13) in L. seymouri, where substitution of nt 7-12 also led to a reduction in trans-splicing utilization of the SL RNA. In contrast, the importance of the stem I sequence and structure for trans-splicing, which is of special interest as it includes the 5Ј-splice site, has led to opposite results in the L. seymouri system (13) as compared with those obtained in the L. tarentolae system (15) and in this study. Mutations that substituted the 5Ј-portion of stem I, which is absolutely conserved in all known trypanosomatid protozoa, did not affect trans-splicing in L. tarentolae (linker scan mutant 20/29) (15) and in this study (mutants E-5 and E-4, Table I ), whereas in L. seymouri mutations in the same domain (mutant SL-sub5) led to severe inhibition of transsplicing (13) . However, whereas the SL-sub5 mutation in L. seymouri disrupted the integrity of most of the stem I structure creating in its place a bulge of 6 nt, the E-4 and E-5 mutations in L. collosoma and mutation 20/29 in L. tarentolae still had the potential to form stem structures of five or more adjacent nucleotides. In light of these considerations, one possible explanation to reconcile the above contradictory findings is that the sequence of stem I can tolerate mutations but that complete disruption of the stem I structure is deleterious to the function of the SL RNA. As suggested by Bindereif's work (13), the stem I structure might be involved in cap 4 modification, perhaps by providing a binding domain for the SL-specific methyltransferases (13) .
Intron Determinants for trans-Splicing Utilization of the SL RNA-With regard to the intron determinants for trans-splicing utilization of the SL RNA we found that disruption of either Table I ). Among the single nucleotides substitutions that we introduced only the A81U mutant showed a trans-splicing phenotype ( Fig. 9 and Table I ). The fact that the G79C and G80C mutations showed no trans-splicing defect makes it unlikely that U6 snRNA interacts with the SL RNA at these particular residues. The bridging function of U6 snRNA in nematode trans-splicing may be carried out in L. collosoma by multiple extensive base pair interaction of the SL RNA with U5 and U6 snRNAs.
The Sme 3Ј mutation, which inserts 5 nt between positions 79 and 80, affected trans-splicing utilization, as well as the level of modification of the cap 4, most likely the modification of uridine at position 4 (Figs. 8 and 9 and Table I ). The defects observed when changing the 3Ј-end of the Sm-like site may reflect defects in binding of SL RNP proteins. We still know very little about the SL RNP-specific proteins and their binding site (23) . It is not unreasonable to think that these proteins require for their binding the Sm-like site and its flanking sequences. In the L. tarentolae system mutations at the Sm site and in stem-loop III affected 3Ј-end formation (24) . In the present study such perturbations were not observed, although the mutations introduced in the L. collosoma SL RNA changed the structure and sequence of the same domains as in L. tarentolae. Also in L. seymouri changes of the Sm site and stem-loop III did not affect the size the SL RNA transcript (13) . It has been previously suggested that the different outcome of mutations in L. tarentolae might stem from the presence of an 11-nt tag in the exon (16) .
Our conclusions on the existence of trans-splicing determinants in the L. collosoma intron are in agreement with the findings by Sturm and Campbell (16) in L. tarentolae, but they are in conflict with those by Bindereif and co-workers in L. seymouri (13) . It was reported that the intron domain of L. seymouri SL RNA was tolerant to mutations and that only the stem-loop II structure was indispensable for function (13) . Furthermore, a single mutant constructed to alter the Sm-like site in the L. seymouri intron (sub Sm), where two consecutive Us were changed to CA, was reported to have full trans-splicing activity. Interestingly, however, although Bindereif and coworkers (13) concluded that the Sm-like site was not essential for trans-splicing, it was impossible to obtain a cell line expressing this mutant from a high-copy number plasmid, suggesting that mutation of the Sm-like site had a deleterious effect.
One more result that is at present difficult to interpret concerns the functional significance of the intron positions almost immediately downstream of the 5Ј-splice site. In L. seymouri, when positions ϩ4 to ϩ6 of the intron were substituted, no trans-splicing phenotype was detected (mutant SL-sub8, 13). In contrast, in L. tarentolae mutations of positions ϩ3 to ϩ9 generated a trans-splicing defect, and we have previously shown that in L. collosoma mutation of position ϩ5 and ϩ7 and ϩ8 also affected trans-splicing. Importantly, we have shown that the ϩ5 position of the intron is involved in base pair interactions with both U5 and U6 snRNAs and positions ϩ7 andϩ8 with U5 (17) .
In conclusion, our results with regard to the function of the intron sequences for trans-splicing utilization of the SL RNA are in agreement with the results previously reported for the L. tarentolae system (16) . However, as discussed above many discrepancies still exist with the results obtained in the L. seymouri system, but at present there are no straightforward ways of reconciling all observations. It is possible that there are differences inherent to the various trypanosomatid systems analyzed and/or to the assays used to monitor trans-splicing, and it is also possible that the mutations introduced in the various experimental systems have different effects on some specific structural features of the SL RNA and/or of the SL RNP that are difficult to monitor for in vivo.
The mutational analysis performed in our previous studies (14, 17) and in this study contributes to validate SL RNAsnRNA interactions that have been proposed to take place in trans-splicing. Previously, we have gained support for SL RNA interactions with the U5 and U6 snRNAs at intron positions close to the 5Ј-splice site (17) . In this study we found that the E-6 mutation that lies in the interaction domain with SLA1 is defective in splicing. The function of SLA1 in trans-splicing was puzzling for a long time, because this molecule has no homologue in other systems and its proposed interaction domain with the SL RNA lies in the exon region, which was not implicated in interacting with any known snRNAs (19) . We have recently demonstrated that SLA1 is a special H/ACA RNA found in both the nucleus and nucleolus and that it can potentially guide pseudouridylation on the SL RNA at position Ϫ12 in the exon (25) . Indeed, the E-6 mutation that disrupted the putative interaction domain of the SLA1 with the SL RNA does not carry the pseudouridine at position Ϫ12 (25) . Further experiments will be required to establish whether the pseudouridine modification is essential for trans-splicing function of the SL RNA.
